Hypotonicity stimulates transepithelial Na + reabsorption in renal A6 cells, but the mechanism for this stimulation is not fully understood. In the present study, we found that hypotonicity stimulated Na + reabsorption through increases in mRNA expression of the α subunit of the epithelial Na + channel (αENaC 
concentration; therefore, we hypothesized that hypotonicity-induced decreases in cytosolic in cytosolic Cl -concentration were associated with changes in αENaC mRNA expression and changes in Na + reabsorption: decreases in cytosolic Cl -concentration increased αENaC mRNA and increased Na + reabsorption while increases in cytosolic Cl -concentration
INTRODUCTION
Parts of the renal epithelium are among a small number of the tissues routinely exposed to variable extracellular osmolality under physiological conditions that require cellular responses to maintain appropriate cellular volume and osmolality. Hypotonicity causes initial cell swelling followed by regulatory volume decrease (RVD) to return cell volume toward the original volume. The mechanism generating RVD is well understood; i.e.,
KCl release occurs through volume-sensitive K + and Cl -channels leading to a substantial decrease in cytosolic Cl -concentration. Generally, the increase in membrane tension associated with hypotonicity-induced increases in cell volume is viewed as the signal that initiates RVD. However, while the release of KCl in the face of a hypotonic challenge efficiently returns cell volume to normal, the changes in the intracellular environment associated with RVD have other consequences. In particular, the large change in cytosolic Cl -concentration has been reported to modify gene expression (e.g., cytosolic Cl -regulates the COX-2 gene expression in macula densa cells (5, 34) , the activity of the Na
cotransporter in dog tracheal cells (13, 14) and in human trabecular meshwork cells (27)).
Many of the renal epithelial cells that are exposed to varying tonicity have an additional problem associated with regulating their volume: they are involved in the transport of large quantities of NaCl and water, often times turning over the total cellular
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content of sodium in a matter of minutes. Renal Na + reabsorption plays an essential role in the regulation of total body Na + balance, extracellular fluid volume, and blood pressure (10, 11, 15) . Thus, it would not be surprising if Na + transport were altered by the hypotonicityinduced changes in cell volume in a manner consistent with maintaining normal plasma osmolality; i.e., reduced tonicity would promote increased Na + reabsorption to increase plasma tonicity towards normal. In fact, in A6 cells, a tissue culture model of distal nephron Na + transport, we and others have previously shown that significant reductions in tonicity enhance Na + transport (6, 24, 33) . In our previous work, the acute (~ 1 h) osmoregulation of Na + transport is mainly due to the translocation of ENaC protein to the apical membrane mediated by a protein tyrosine kinase-dependent pathway (24).
In A6 cells, like many other Na + transporting epithelia tissues (e.g., kidney, colon, airways, and ducts of several secretory glands), the amiloride-sensitive epithelial Na + channel (ENaC) is responsible for the majority of transepithelial Na + absorption. ENaC in the apical membrane of Na + -reabsorbing epithelial cells is, under most circumstances, the rate limiting step for transepithelial Na + transport and, therefore, regulation of ENaC is the principle mechanism by which transepithelial Na + transport is altered. ENaC is composed of three subunits, α, β and γ. Each subunit is thought to play a role in determining the transport properties of ENaC with all three subunits forming a heteromultimeric complex (4, 12) .
Niisato et al, page 5 AJP-Renal F-00131-2004 REVISED
However, when each subunit (α, β or γ alone) is individually expressed in a Xenopus oocyte system, only the α subunit can produce Na + current (3, 21) . Thus, the α subunit of ENaC (αENaC) plays an essential role in functional expression of ENaC. This fact is supported
by a recent study that shows that in Na + -transporting lung alveolar cells αENaC is required for any transport and can even act as a Na + -permeable channel in the absence of other subunits (18) . Therefore, in this work, we focused our study on the hypotonicity-induced changes in αENaC mRNA expression. Our aim in the present study was to explore the mechanism by which reductions in chronic reductions in extracellular osmolality stimulate Na + reabsorption. We demonstrate here that hypotonicity-induced changes in cytosolic Cl -concentration are a novel signal regulating αENaC mRNA expression in renal epithelium.
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MATERIALS AND METHODS
Materials
NCTC-109 medium and fetal bovine serum were purchased from Invitrogen (Tokyo, Japan).
Permeable tissue culture supports (Nunc Tissue Culture Inserts) were obtained from Nunc (Roskilde, Denmark). Benzamil, bumetanide, NPPB and quercetin were purchased from SIGMA (St Louis, MO). Apigenin was obtained from Calbiochem (San Diego, CA).
Solutions
The 120 NaCl isotonic solution contained 120 mM NaCl, 3.5 mM KCl, 1 mM CaCl 2 , 1 mM 4 cells/well and were cultured for 11 -15 days. When we studied the effect of hypotonicity in the present report, the cells were incubated in isotonic or hypotonic culture medium for the indicated time period just before starting the short-circuit current measurements or northern blotting. For example, when the short circuit current was measured, we applied the 120 NaCl isotonic or 60 NaCl hypotonic solution after incubation of the cells in a isotonic or hypotonic culture medium for the indicated time period.
Electrophysiological measurements
Short-circuit current (Isc) and transepithelial conductance (Gt) were measured as previously described (24, 30). The benzamil-sensitive Isc and the benzamil-sensitive Gt were used as a measure of transepithelial Na + transport and ENaC activity (conductance), respectively (24).
The experiments were performed at 24 -25 ˚C.
Northern blot analysis
Total RNA was prepared from monolayers of A6 cells grown on Nunc filter by using 
RESULTS
Our previous study indicates that hypotonicity stimulates Na + reabsorption mainly by increasing the number of ENaC in the apical membrane via transient tyrosine phosphorylation (24). However, it is unclear whether the hypotonicity-induced increase in apical ENaC protein and Na + reabsorption is, at least in part, due to an increase in ENaC gene expression. Therefore, we assessed the effect of hypotonicity on mRNA expression of αENaC by exposing monolayers of A6 cells to hypotonic culture medium. We detected a significant hypotonicity-induced increase in αENaC mRNA expression (Fig. 1) .
To determine whether a hypotonic-induced increase of αENaC mRNA expression can also functionally stimulate Na + reabsorption in A6 cell monolayers, we measured the benzamil (a specific blocker of ENaC)-sensitive short-circuit current (Isc) to estimate the transcellular Na + reabsorption. As shown in Fig. 2A , the benzamil-sensitive Isc was substantially increased by exposure of A6 cell monolayers to a hypotonic culture medium for 24 h. The benzamil-sensitive conductance (Gt) also increased ( has a lower transport activity, channel or cotransporter. In the present manuscript, we show that hypotonicity increased the conductance but decreased the activity of the cotransporter, suggesting that under hypotonic conditions, the rate-limiting step for Cl -transport would be the cotransporter. Therefore, although the conductance was increased by hypotonicity, the short circuit current was decreased due to the hypotonicity-induced diminution of the cotransporter activity. On the other hand, for Na + transport, the rate-limiting step is usually the entry step for Na + through ENaC. Therefore, the amiloride-sensitive short circuit current changes in parallel to the conductance. Further, the hypotonic-induced increase in the NPPBsensitive conductance is due to an increase in the number of the Cl -channels in the apical membrane. examined the effect of NPPB on the changes in αENaC mRNA expression induced by hypotonic media. A6 cell monolayers. We also examined the effect of 100 µM NPPB. For these experiments, cells were incubated in an isotonic culture medium containing 100 µM NPPB for 30 minutes. Then, the media was changed to either an isotonic or a hypotonic culture medium containing 100 µM NPPB for 24 h (for a total exposure to 100 µM NPPB of
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24 h 30 min). Treatment with NPPB suppressed the αENaC mRNA expression under both isotonic and hypotonic conditions (Fig. 3A, C 3B, C) . However, bumetanide did not affect the hypotonicity-induced αENaC mRNA expression (Fig. 3B, C) . This is consistent with the observation described above (Fig. 2C) that there is no measurable NPPB-sensitive Isc in hypotonic media despite the fact that hypotonicity increased NPPB-sensitive Gt above that in isotonic solution (Fig. 2D) As mentioned above, treatment with NPPB for 24 h significantly diminished the expression of αENaC mRNA. Therefore, we examined whether NPPB also reduces the hypotonicity-stimulated Na + reabsorption. NPPB of 100 µM after which treatment of A6 cell monolayers for 24 h markedly decreased the hypotonicity-induced, benzamil-sensitive Isc (Fig. 4A ) and benzamil-sensitive Gt (Fig. 4B ), however treatment with bumetanide had no effect on the hypotonic-induced benzamil-sensitive Isc (Fig. 4A) or the benzamilsensitive Gt (Fig. 4B) . On the other hand, under the isotonic conditions, treatment of A6 cells with 100 µM bumetanide for 24 h increased the benzamil-sensitive Isc from 0.19 ± 0.02 to 0.42 ± 0.03 µA/cm 2 (n = 4, p<0.05). These observations were consistent with the bumetanide action on αENaC mRNA expression as described above.
Apigenin activates the Na
-cotransporter (22) and thereby promotes accumulation of cytosolic Cl -. Therefore, we applied apigenin to increase cytosolic Cl -concentration under both hypotonic and isotonic conditions. Treatment with 100 µM apigenin in the apical and basolateral culture media inhibited the hypotonicity-induced increase in αENaC mRNA expression (Fig. 5) . Furthermore, pretreatment with both apigenin
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and NPPB (to prevent secretion) strongly inhibited hypotonicity-induced increases in αENaC mRNA expression to a level less than 30% of control (Fig. 5) . We also examined the effects of apigenin (100 µM) on the αENaC mRNA expression under basal (isotonic) conditions with or without 100 µM NPPB. Under basal (isotonic) conditions, apigenin treatment without NPPB showed a tendency to suppress the αENaC mRNA expression (Fig.   5 ). Further, the simultaneous treatment with apigenin and NPPB was more effective in the suppression than the sole treatment with apigenin or NPPB alone (Fig. 5) , since cytosolic Cl -concentration should become much higher after the simultaneous application of apigenin and NPPB rather than the sole application of either apigenin or NPPB.
To assess the effects of apigenin on the Na + reabsorption, the benzamil-sensitive
Isc and Gt were measured in A6 cells treated with or without apigenin. Incubation of A6 cell monolayers with 100 µM apigenin diminished the benzamil-sensitive Isc and Gt in the hypotonic culture medium (HYPO in Fig. 6 ), but not in the isotonic medium (ISO in Fig. 6 ).
These results suggest that the increased cytosolic Cl -concentration diminished the hypotonicity-induced transcellular Na + reabsorption by suppressing the ENaC activity, and that cytosolic Cl -controls not only the αENaC mRNA expression level but also the functional level of the ENaC.
Furthermore, to confirm whether a flavone, in general, diminishes the αENaC (19) . Therefore, although, in theory, the effect of bumetanide or flavones on αENaC mRNA expression and/or Na + transport could be secondary to a change in intracellular potassium concentration;
because of the magnitude of the changes in ion concentrations, we suggest that the effects of the two agents are most likely mediated through changes in cytosolic Cl -. Nevertheless, an examination of the effects of cytosolic K + on αENaC mRNA expression and/or Na + transport may be appropriate.
In this paper we only examined the effect of hypotonicity and cytosolic Cl -concentration on αENaC expression. However, the αENaC subunit alone can form an amiloride-sensitive cation channel (2, 16) . Therefore, an increase in αENaC by itself is sufficient to increase Na + transport. On the other hand, αENaC often forms together with β and γ ENaC subunits an amiloride-sensitive cation channel, increasing the Na + transport.
Nonetheless, the α subunit is the ionophoric component so that an increase in expression of αENaC will increase transport regardless of the nature of the channel formed from the new αENaC.
A literature report (29) indicates that hypotonicity increases Na + transport in A6 cells by augmenting SGK1 expression. This stimulation is observed within 15 min after exposure to hypotonic solutions. We have also previously reported that hypotonicity increased Na + transport in A6 by translocating ENaC channel pre-existing in a subapical intracellular pool to the apical membrane via a calmodulin-dependent pathway (23, 30), and that this stimulation of Na + transport was observed within 15 min after application of hypotonicity. Taken together, these observations suggest that hypotonicity increases Na + transport by augmenting SGK1 expression at early times after exposure to hypotonicity and
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by increasing ENaC expression if the hypotonicity is sustained for a longer period of time.
As mentioned above, we focused our present study on the hypotonic action on ENaC mRNA expression and Na + transport, which relatively slowly appears compared with the hypotonic action on the ENaC protein pre-existing in the cytosolic space (e.g., trafficking of the ENaC protein). Some previous studies including ours (24, 29, 30) indicate that hypotonicity increases the Na + transport within 15 min after application of hypotonicity.
Specifically, Pearce and his colleagues have shown the effect on ENaC within 15 min after application of hypotonicity does not depend on transcription of mRNA but if hypertonicity persist for longer than 30 min mRNA transcription is increased including SGK1 mRNA (29).
In the present study, we indicate that hypotonicity began to elevate αENaC mRNA 1 h after hypotonic shock. Therefore, although the SGK1 action on αENaC mRNA is still unclear, it is possible that hypotonicity, besides increasing αENaC mRNA, could also increase sodium transport by activating SGK1.
In loading gels, we attempted to carefully load equal amounts of RNA. We apparently succeeded because, even if we normalized our mRNA amounts based the density of the 18S and 28S rRNA bands, the results were not significantly different than uncorrected values.
The Isc value shown in the present report is identical to that previously reported In the present report, we indicate the possible role of cytosolic Cl -in the regulation of αENaC mRNA expression. However, the specific mechanism by which cytosolic Cl -can regulate αENaC mRNA expression is unclear. One report (29) indicates that SGK1, the expression of which is regulated by hypotonic stress, controls ENaC; therefore, the action of The benzamil-sensitive Isc (A) and benzamil-sensitive Isc Gt (B) were measured under isotonic and hypotonic conditions. The Isc and Gt were measured in A6 cell monolayers after 24 h exposure to a hypotonic culture medium (50% diluted) or an isotonic medium (normal) with or without 100 µM apigenin. Data are presented as mean ± SE (n = 6). #p <0.05 compared with HYPO. NS represents not significant. 
